Candida albicans is the fourth most common cause of systemic nosocomial infections, 28 posing a significant risk in immunocompromised individuals. As the majority of systemic C. 29 albicans infections stem from endogenous gastrointestinal (GI) colonization, understanding the 30 mechanisms associated with GI colonization is essential in the development of novel methods to 31 prevent C. albicans-related mortality. In this study, we investigated the role of microbial-derived 32 short-chain fatty acids (SCFAs) including acetate, butyrate, and propionate on growth, 33 morphogenesis, and GI colonization of C. albicans. Our results indicate that cefoperazone-treated 34 mice susceptible to C. albicans infection had significantly decreased levels of SCFAs in the cecal 35 contents that correlate with a higher fungal load in the feces. Further, using in vivo concentration 36 of SCFAs, we demonstrated that SCFAs inhibit the growth, germ tube, hyphae and biofilm 37 development of C. albicans in vitro. Collectively, results from this study demonstrate that 38 antibiotic-induced decreases in the levels of SCFAs in the cecum enhances the growth and GI 39 colonization of C. albicans. 40 41 42 Keywords: C. albicans, antibiotic treatment, SCFAs, gastrointestinal colonization, hyphae and 43 attachment.
INTRODUCTION
any effect on germ tube formation. Microscopic imaging revealed that C. albicans considerably 141 reduced the germ tube formation in pH controls for 12.5 mM (pH 5.52±0.03) and 25 mM (pH 142 4.69±0.01) compared to the RPMI control (pH 7.01±0.01) (Fig. 3a) . Quantification of the C. 143 albicans cells that formed germ tubes after 2 hours of incubation revealed a 30% decrease in germ 144 tube formation in pH control 12.5 mM (pH 5.52±0.03) and an almost 50% decrease in pH control 145 25 mM (pH 4.69±0.01) compared to the RPMI control (pH 7.01±0.01) (Fig. 3b ). These results 146 indicate that acidic pH significantly inhibited the germ tube formation in C. albicans. 147 148 Although acidic pH itself was shown to be a factor in inhibiting germ tube formation, we 149 determined the effect of SCFAs on C. albicans germ tube formation. Interestingly, SCFAs were 150 more potent in inhibiting the germ tube formation compared to their respective pH-adjusted 151 controls. Microscopic imaging of C. albicans in the presence of SCFAs revealed a considerable 152 decrease in germ tube formation compared to their respective pH-adjusted controls (Fig. 3a) . In 153 addition, quantification of the percentage of germ tubes formed revealed that acetic acid (25 mM) 154 reduced germ tube formation by 50% compared to its pH control (pH 4.69±0.01) ( Fig. 3c ). Butyric 155 acid (12.5 mM) and propionic acid (12.5 mM) also significantly inhibited germ tube formation 156 compared to their pH control (pH 5.52±0.03), reducing germ tube formation by nearly 70% and 157 50%, respectively (Fig. 3c ).
159
To determine if germ tube inhibition by SCFAs was not due to fungal cell death, C. albicans cells 160 incubated in the germ tube conditions were determined for cell viability. Results indicated that no 161 significant decrease in fungal cells was noticed after 2 hours of incubation in SCFA-treated or pH-162 adjusted control groups (Fig. 3d) . These results indicate that SCFAs inhibit C. albicans germ tube 163 formation partly by inducing acidic conditions and through other unknown mechanisms. 164 165 SCFAs inhibit C. albicans hyphae formation 166 The effect of SCFAs on C. albicans hyphae formation was evaluated using crystal violet and 167 microscopic analyses. We used pH-adjusted RMPI media to determine if changes in pH have any 168 effect on C. albicans hyphae formation. Results indicate that C. albicans grown in RPMI media at 169 pH 7.01±0.01 (RPMI control) showed massive hyphae formations ( Fig. 4a ). However, a 170 considerable decrease in hyphae formation was noticed in the pH-adjusted controls for 12.5 mM 171 (pH 5.52±0.03) and 25 mM (pH 4.69±0.01) treatments ( Fig. 4a ). Further, a crystal violet assay 172 indicated that the pH-adjusted control 25 mM (pH 4.69±0.01) inhibited 90% of C. albicans hyphae 173 attachment, followed by 75% inhibition in the pH-adjusted control 12.5 mM (pH 5.52±0.03) ( Fig.   174 4b). Taken together, the crystal violet assay complements the findings of microscopic 175 observations, indicating that acidic pH not only decreases hyphae formation but also significantly 176 inhibits C. albicans hyphae attachment to polystyrene plates.
178
Next, we investigated the effect of SCFAs on C. albicans hyphae formation and attachment. Our 179 results indicate that SCFAs including acetic acid (25 mM), butyric acid (12.5 mM) and propionic 180 acid (12.5 mM) considerably decreased C. albicans hyphae formation compared to their respective 181 pH-adjusted RPMI controls ( Fig. 4a ). Further, all three SCFAs significantly inhibited C. albicans 182 hyphae attachment to the polystyrene plates ( Fig. 4c ). Butyric acid (12.5 mM) inhibited 90% of C. 183 albicans hyphae attachment, followed by propionic acid (12.5 mM) and acetic acid (25 mM) by 184 70 and 50%, respectively compared to their pH-adjusted controls (Fig. 4c ).
186
To rule out if C. albicans hyphae inhibition as a result of SCFA treatment was not due to fungal 187 cell death, C. albicans grown under hyphae-inducing conditions in the presence or absence of 188 SCFAs were plated onto YPD agar plates to determine the CFU count. Results from this 189 experiment suggest that viability of fungal cells was not significantly affected in all treatment 190 conditions compared to RPMI control (pH 7.01±0.01), indicating that decreased hyphae formation 191 and attachment was not due to decrease in cell viability ( Fig. 4d 
SCFAs reduce the metabolic activity of fungal cells in C. albicans biofilm 196
The effect of SCFAs on the metabolic activity of C. albicans ATCC 10231 in the biofilm was 197 evaluated using an MTS reduction assay. In order to determine if the change in pH has any effect 198 on the metabolic activity of fungal cells in C. albicans biofilm, we used pH-adjusted RMPI media 199 to determine the effect of pH on C. albicans metabolic activity in the biofilm. Results indicate that 200 an acidic pH significantly decreases the metabolic activity of fungal cells in the biofilm (Fig. 5a ).
201
The metabolic activity of fungal cells in C. albicans biofilm in the pH-adjusted controls 12.5 mM 202 (pH 5.52±0.03) and 25 mM (pH 4.69±0.01) were decreased by 25% compared to the RPMI control 203 (pH 7.00) ( Fig. 5a ).
204
Next, we assessed the effect of SCFAs on fungal cell metabolic activity in C. albicans biofilm.
206
Results indicate that SCFAs including acetic acid (25 mM), butyric acid (12.5 mM) and propionic 207 acid (12.5 mM) significantly decreased the metabolic activity of fungal cells in C. albicans biofilm 208 compared to their respective pH-adjusted RPMI controls ( Fig. 5b ). Butyric acid at 12.5 mM 209 decreased the metabolic activity by 90%, followed by propionic acid (12.5 mM) and acetic acid 210 (25 mM) by 70% and 60%, respectively ( Fig. 5b ). Further, in order to determine if the effect of 211 SCFAs or pH-adjusted RPMI groups on C. albicans metabolic activity was not due to fungal cell The gut microbiota plays a major role in the colonization resistance to enteric bacterial and fungal 221 pathogens including C. albicans [37] [38] [39] [40] [41] [42] [43] [44] [45] . While mechanisms of colonization resistance to enteric 222 pathogens by commensal bacteria are speculated to include immune responses, competition for 223 nutrients, pH modulation, and synthesis of antimicrobial and antifungal compounds 29,37-39,44-51 , 224 the mechanisms associated with colonization resistance to C. albicans remain poorly understood. Commensal bacteria produce a variety of bioactive molecules; however, SCFAs have emerged as 229 key regulators of gut homeostasis for colonization resistance against enteric pathogens 25, 28, 33, 44 . 230 Several preliminary studies have highlighted the antifungal potential of select SCFAs, including 231 the inhibition of C. albicans germination by butyric acid 52,53 , a dose-dependent fungicidal effect 232 with acetic, butyric, and propionic acid treatment 2,54 , an increase in programmed cell death with 233 acetic acid 55 , an increase in mitochondrial-mediated apoptosis with propionic acid 56 , and an 234 upregulation of transcriptional stress responses with acetic, butyric, and propionic acids 54,57 .
235
However, using in vivo concentrations, the role of SCFAs on C. albicans growth, morphogenesis 236 and GI colonization is poorly understood. Importantly, though the inhibitory effects of SCFAs on 237 enteric pathogens has been speculated to occur due to alterations in pH levels, this hypothesis has 238 not been investigated in detail, particularly in C. albicans 58, 59 . some studies report slight differences in this ratio in mice, the trend remains that acetate is the 245 predominate SCFA present in the cecum, followed by butyrate and propionate in varying amounts 246 65-67 . In mice (cecum) and humans (feces), the concentration of acetate ranges from 30.09 ± 2.09 247 -40.66 ± 0.122 µmol/g to 69.1 ± 5.0 -73.7 ± 21.5 µmol/g 63,65-67 . Butyrate concentrations in mice 248 and humans remain relatively consistent, ranging from 18.52 ± 4.92 -35.9 ± 10.2 µmol/g, although 249 concentrations as low as 2.59 ± 0.31 µmol/g have been reported 63,65-67 . Propionate has been 250 reported to range from 7.43 ± 0.16 -25.3 ± 3.7 µmol/g 63,65-67 . In this study, we also report that 251 cecal SCFA concentrations in control mice are as follows: acetic acid (36.87 ± 7.11 µmol/g), 252 butyric acid (7.52 ± 0.92 µmol/g), and propionic acid (8.18 ± 0.77 µmol/g), which are in agreement 253 with the previous findings 63,65-67 . Since antibiotic-induced gut dysbiosis is an important factor for 254 the GI colonization of C. albicans 7, 16, 68, 69 , we examined if antibiotic-induced alterations in the 255 levels of SCFAs play a role in the GI colonization of this fungal pathogen. In this study, we found 256 that cefoperazone-treated mice susceptible to C. albicans infection had significantly decreased 257 levels of SCFAs in the cecal contents. The concentration of acetic acid in the antibiotic-treated 258 mice was 16.13 ± 2.39 µmol/g, followed by propionic acid (1.95 ± 0.63µmol/g), and butyric acid 259 (1.77 ± 0.79µmol/g). The concentration of acetic acid was decreased by 50%, followed by butyrate 260 and propionate (75%) after 7 days of cefoperazone treatment, which is in agreement with previous Growth assay 371 The growth of C. albicans ATCC 10231 and SC 5314 was measured as previously described, 29 372 using pH-adjusted controls titrated with HCl as described below (Table 1) . was adjusted using HCl for in vitro assays as described in Table 1 . For growth and biofilm assays,
382
RPMI media was adjusted with HCl to match the pH values of SCFAs. Similarly, for hyphae and 383 germ tube assays, RPMI media supplemented with 30% FBS was adjusted with HCl as described 384 in Table 1 . Biofilm assay 389 C. albicans ATCC 10231 with an inoculum size of 1.7 x 10 6 -3.2 x 10 6 CFU/mL was used to form 390 the biofilm and the metabolic activity of fungal cells in the biofilm was carried out using MTS 391 assay as previously described 29 . The effect of SCFAs on C. albicans cell viability was assessed by 392 incubating fungal cells with the indicated concentration of SCFAs at 37°C for 48 hours in 4-mL 393 tubes. Appropriate pH-adjusted RPMI control media was used as described in Table 1 . After 48 394 hours of incubation, the cell suspension was plated onto YPD agar plates and the CFUs were 395 counted to determine the effect of SCFAs on C. albicans cell viability. The Student t-test was utilized for statistical analyses using GraphPad Prism 6.0 (GraphPad 414 Software, La Jolla, CA) with p-values of (* ≤ 0.05, ** ≤ 0.01) being considered significant. 416 Not applicable.
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